The reactions o f the solvated electron, the H atom, the OH radical and the superoxide radi cal anion with /-butylhydroperoxide (/-BuOOH) have been studied in aqueous solutions using y-radiolysis and pulse radiolysis to generate these radicals.
Introduction
Hydroperoxides are commonly encountered am ong the products o f low-temperature oxidation and autoxidation processes, and are frequently formed in free-radical chain reactions involving peroxyl radicals. While oxygen reacts very rapidly with m ost carbon-centered radicals (reaction (1), k, ~ 2* 109 dm 3 m ol-1 cm -1 [1] ), autoxidation is a slow process at room temperature as reaction (2) is slow and only weakly-bound H atoms, such as biallylic ones on polyunsaturated fatty acids, are abstracted by peroxyl radicals with any efficiency at all (k2 > 100 dm 3 m ol"1 s_1 [2, 3] ). Many per oxyl radicals are capable of eliminating the hydro peroxyl radical H 0 2' (reaction (3)) [4, 5] .
In aqueous medium, H 0 2 is in equilibrium with the superoxide radical anion, 0 2 " (pK a = 4.8) [6] ; this species is a very poor hydrogen abstractor, cf.
Ref. [7, 8] , and is therefore incapable of propagat ing the autoxidation chain. Also, the bimolecular decay of H 0 2/ 0 2'~ is slow. At pH < 7, it is gov erned by reaction (4) . At pH 7, it assumes an ob served rate constant o f only 6* 105 dm 3 m ol"1 s"1 [6] . For these reasons, 0 2~ can build up to relative ly high steady-state concentrations. However, it is capable o f undergoing a variety o f oxidation/re duction reactions by electron transfer, especially with transition metal ions, giving rise to the very reactive OH radical. This transition-m etal-ion-catalyzed process is termed the Haber-W eiss-Fenton reaction ((6)- (7)) [9 -11] . There is also an uncata lyzed reaction (8) , the Haber-W eiss reaction which is quite slow (k8 = 0.2 dm 3 m ol"1 s"1 [12] , 0.13 dm3 m ol"1 s"1 [13] ). 
Me(" 'l)+ + 0 2-+ 2 H + Me"+ + H 20 2 (5)
Me"+ + 0 2 " Me(" '1)+ + 0 2 (6) Me<"-1)+ + H 20 2 Me"+ + OH + O H " (7) 0 2-+ H 20 2 -* 0 2 + OH + O H " (8) Even though this reaction is relatively slow, it could still play some role in certain metal-ion-free autoxidative systems since it converts an unreac tive species into the reactive OH radical. The reac tion of the superoxide radical with hydroper oxides, in a sense a generalized Haber-Weiss reac tion, would also yield reactive radicals, alkoxyl and OH, (reactions (9) and (10)), respectively.
These reactions have attracted attention in the past, both in aqueous solutions [14, 15] and in aprotic solvents [16] , but it has been shown that, at least on the pulse radiolysis timescale, they must be "slow", i.e < 106 dm 3 m o l '1 s_1 [15] , On the other hand, in the context of autoxidation reac tions and in the biological context, reactions with rate constants exceeding 102 dm 3 m ol"1 s_1 must still be considered as fast. It is thus worthwhile to study these reactions more closely.
A part from the reactivity as such, the question arises as to the branching ratio in the reductive cleavage of a hydroperoxide ( c /. reactions (9) and (10) ). This ratio may differ for different reducing agents, e.g. 0 2'-, eaq, or H.
In connection with the question o f alkyl hydro peroxide reactivity toward superoxide, we have also set ourselves the task o f determining other rate param eters of interest in the radiolysis o f a hydroperoxide in aqueous solution. The com pound chosen for these studies is the /-butyl hydroperoxide (/-BuOOH) because one branch of its reductive decomposition gives rise to the easily measurable acetone which serves as the key prod uct (see below). The com pound has the added ad vantage o f being relatively easy to handle. In order to assist the interpretation of our data some exper iments have been done to establish the reactions of the solvated electron, the H atom and the OH radi cal with this hydroperoxide. The latter induces a chain reaction leading to 2-methyl-1,2-epoxypro pane.
Experimental r-BuOOH (Merck) contained about 20% di-tertiary butyl peroxide. The latter was removed by fractionation. /-Butanol (Merck) was redistilled under reduced pressure prior to use. Form ic acid (Merck p. a.), sodium hydroxide and isopropanol (Merck) were used as received.
Solutions were made up in triply distilled water or Millipore Milli-Q purified water. Depending on the experiment, they were either deoxygenated with oxygen-free (Oxisorb, Messer Griesheim) a r gon, or with a 4:1 mixture of N 20 and 0 2 (Messer Griesheim). A neutralized formic acid solution was preferred over a corresponding sodium for mate solution because formic acid is less con taminated by transition metal ions; these would shorten the lifetime of 0 2" [17, 18] . y-Irradiations were carried out in a 60Co-y panoram a source, at dose rates ranging from 0.37 Gy s~1 to 0.014 Gy s" 1.
For pulse radiolysis, a Van de G raaff accelera tor delivering 2.8 MeV electron pulses o f 0.4 //s du ration (typically 4 Gy/pulse) was used. The most recent additions to this setup have been reported in Ref. [19] , For the analysis of the products acetone and formaldehyde, these compounds were converted into the corresponding oximes at pH 3 with the re agent 2,3,4,5,6-pentafluorobenzylhydroxylamine hydrochloride (Aldrich). The solution was then saturated with sodium chloride, left for 30 min, and then acidified with 2 mol dm -3 sulphuric acid. The oximes were then extracted with cyclohexane [20] and determined by gas chrom atography on a 25 m SE-54 column, tem perature-program m ed from 50-250 C at 8 °C min-1, carrier gas H 2, inlet pressure 0.8 atm. Added after irradiation but be fore derivatization, a known am ount o f cyclohexanone served as an internal standard. U nder the above conditions the retention times of the oximes were: formaldehyde, 2 min; acetone, 6 min; cyclohexanone, 12 min. H 2 was measured by purging it from the irra diated sample with argon; it was introduced onto a 3.5 m charcoal column operated at 80 °C using Ar as the carrier gas at 26 ml min-1, and determined by thermal conductivity detection.
2-Methyl-1,2-epoxypropane was also estimated by gas chrom atography using a 27 m PS-240 col umn operated at 60 °C using H: as carrier gas; inlet pressure 0.6 atm. U nder these conditions the re tention times for the epoxide and f-BuOOH were 1.3 min and 2.9 min, respectively.
Results and Discussion
In the present study, the reactions of solvated electrons, OH radicals, H atom s and 0 2'~ with /-BuOOH are investigated (for a compilation of rate constants obtained in this study see Table I ). These radicals can be readily generated by radia tion techniques [4] , In the radiolysis of water, sol vated electrons, OH radicals and some H atoms are formed as reactive intermediates (reaction (11)).
In reactions (12) - (19) the elementary reactions that /-BuOOH enters into with e " , H, and OH are d 4 7 7 given; reductive cleavage by eaq, reductive cleavage and H abstraction by H, and H abstraction by OH.
H 20 '°™Zlng > e a -", OH, H-, H +, H 2, H 20 , (11) radiation eaq + /-BuOOH /-BuO~ + OH (12) ea "q + /-BuOOH -► /-BuO' + OH"
H + /-BuOOH /-BuOH + OH (14) H + /-BuOOH /-BuO' + H 20
H + /-BuOOH CH2C(CH3)2OOH + H2 (17) OH + /-BuOOH -» t-BuOO + H 20 (18) OH + /-BuOOH -* CH2C(CH3)2OOH + H20 (19) The form ation of the /-butoxyl radical /-BuO can be m onitored by product analysis since it de composes very rapidly (/1/2 ~ 1 //s [21, 22] ) into acetone, the key product for this study, and a methyl radical (reaction (21)). These radicals are also produced in a bimolecular decay (reaction (20)) o f the /-butylperoxyl radicals. Ultimately there fore, in addition to ractions (13) and (15), reac tions (16) and (18) contribute to the acetone yield.
A nother kind of fragm entation (cf. Ref. [23] ) is undergone by the /?-hydroperoxyalkyl radical C H 2C (C H 3)2OOH, giving rise to 2-methyl-1,2-epoxypropane and an OH radical which propa gates a reaction chain (reaction (22) followed by reaction (19) ; see below).
/°\ (22) C H 2C (C H 3)3OOH ~C H , C H .IC H ;), + OH
It is necessary to separate the effects of the three different "water radicals" e~, H', and OH. This can be done by conversion, or by elimination through specific scavenging. Solvated electrons can be converted by N 20 into OH radicals (reac tion (23); k23 = 9.8 x 109 dm 3 m ol-1 s"1 [24] ) and by H + ions into H atom s (reaction (24); k24 = 2.3 x IO10 dm 3 m ol-1 s_1 [24] ). Hydroxyl radicals are readily scavenged by /-butanol (reactions (25) and (26) 
The contribution o f reaction (26) is about 5% [25] , at elevated /-butanol concentrations (0.5 mol dm -3) an acetone yield of 0.7 x 10"7 mol J x has been reported for N 20-saturated solution (see Fig. A 1 in Ref. [26] ). This may contain some acetone form ation from the direct effect of ioniz ing radiation on the solute /-butanol. In the pres- ent study 10"1 mol dm -3 /-butanol was added as OH scavenger. In N 20 -satu rated solutions G(acetone) = 0.4* 1(T7 mol J ] has been found. Appropriate corrections have to be made when assessing the acetone yield from other sources. In order to study the reactions of 0 2~ with /-BuOOH, use was made o f the fact that upon ra diolysis of oxygenated form ate solutions, all the water radicals are converted into superoxide radi cals. Such solutions are saturated with a 4:1 mix ture of N 20 and 0 2. U nder these conditions, OH radicals from reactions (11) and (23) and a frac tion of the H atom s react with the formate ions (reactions (27) and (28) [24] ; pK a (HOV) = 4.8 [6] ). The C 0 2" radicals formed in reactions (27) and (28) The solvated electron is known to react very rap idly with hydroperoxides, but there is considerable discrepancy as to the exact value o f its reaction rate constant with /-BuOOH, values o f k 12 13 = 6x 109 dm 3 m ol-1 s"1 [28] and 1.6x 1010 dm 3 m ol-1 s" 1 [29] having been reported in the literature. The differ ences between these values is larger than the ± 10% error limits typical for such pulse-radiolytic determinations. Because an exact value was re quired to allow for the contribution of this process to the form ation of acetone in oxygenated solu tions (see below), a redeterm ination was necessary.
The rate constant of the reaction of e" with aq /-BuOOH was determined in a pulse radiolysis ex periment by following the decay of the absorption of the solvated electron at 650 nm, after a 0.4 //s pulse, as a function of the /-BuOOH concentration (Fig. 1) . It can be seen from the inset o f Fig. 1 that even in the absence of /-BuOOH, the lifetime o f the solvated electron is rather short due to im puri ties in the water. However, with increasing /-BuOOH concentration there is a linear increase in the observed first-order decay of the solvated electron, monitored by its optical absorption, and from the slope in Fig. 1 , a bimolecular rate con stant o f k 12 13 = 5x 109 dm 3 m ol"1 s"1 is calculated. This value is in good agreement with the 6 x 109 dm 3 m ol"1 s"1 reported in Ref. [28] .
The rate constant o f the reaction o f H atom s with t-BuO O H
The fact that in their reactions with /-BuOOH, H atom s produce practically no H2 (see below) al lows to determine the rate constant k(H' + /-BuOOH) in a competition experiment with 2-propanol whose rate constant with H atom s (product: H 2) is 7.4x 107 dm 3 mol"1 s" 1 [24] , In Fig. 2 the ratio G (H2)0/G (H 2) (G (H2)0 refers to the hydrogen yield in the absence of /-BuOOH), each of these G values corrected for the contribution of the molecular yield of G (H 2) = 0.47 x 10"7 mol (cf. reaction (11)), is plotted vs. the ratio [/-BuOOH]/ [2-propanol] . From the slope and known k(H' + 2-propanol) a value of 5x 107 dm 3 m ol"1 s"1 is calculated for the reaction o f the H atom with /-BuOOH (reactions (24) and (25)). This value is near that reported for its reaction with H 20 2 (k(H-+ H 20 2) = 9x 107 dm 3 m ol"1 s" 1 [24] , 5 x'l07 dm 3 mol"1 s"1 [30] ). Now to prove that reactions (16) and (17) are in significant. When argon-saturated r-butanol-free solutions containing 2x 10"2 mol dm 3 /-BuOOH are irradiated at pH 1.0 (in acid solution, r-butanol may give rise to traces of isobutene which scav enges H atom s), G (H 2) at 0.56* 10"7 mol J~x is not much different from the so-called molecular yield formed in reaction (11) (G (H 2) = 0.47x10 '7 mol / "'). This means that the two H 2-forming process es (reactions (16) and (17)) contribute only up to ca. 3%.
The rate constant o f the O H radical with t-BuOOH
This has been reported at < 107 dm 3 m ol-1 s"1 [28] which is surprisingly low, considering that the rate constant o f the OH radical with /-butanol is 5* 108 dm 3 m ol-1 s_1 [24] , F or this reason we de cided to redetermine it by pulse radiolysis using thymine as a com petitor (k('OH + thymine) = 6.4><109 dm 3 m ol-1 s"1) [24] rather than KSCN which was used in the previous study [28] . Thymine is appropriate for this purpose since the radicals derived from it by OH attack show a strong optical absorption (apparent extinction coefficient e (370 nm), 2170 dm 3 m o l'1 cm -1) while the radicals produced from /-BuOOH do not ab sorb at this wavelength. In Fig. 3 
Chain reaction upon O H radical attack
Two elementary reactions ( (18) and (19)) ac count for the H -abstraction just discussed, one of them leading to the /?-hydroperoxyalkyl radical C H 2C (C H 3)2OOH. This kind of radical is known to undergo fragm entation (reaction (22), cf. Ref. [31] ), in the present case giving rise to an OH radi cal which propagates a chain. We have measured the G value of epoxide form ation at different dose rates (see Fig. 4 ). F or low dose rates we find a lim iting epoxide yield o f about 2 6 x 1 0 "7 mol There is a fall-off tow ards higher dose rates which sets in at about 0.1 Gy s~' (in Fig. 4 , this corre sponds to an abscissa value of about 3).
It has been established by com putational model ing (for the algorithm, see Ref. [32] ) that these characteristics imply that k22 cannot be much larger than 102 s"1 which is considerably lower than the rate constants for /?-alkylperoxyalkyl rad icals ( C H 2C (C H 3)-,OOR) which are near 106 s_1 [23] .
From our data we conclude that the branching ratio k 18/k 19 should be about 0.1. The term ination rate constants of C H 2C (C H 3)2OOH and t-BuOO were assumed to represent diffusion control (reac- tions (32) and (33)) except for the self-termination of /-BuOO' which was taken at 2.5 * 104 dm 3 m ol-1 s"1 [33] . The situation to be modeled is com plicat ed; upon term ination o f peroxyl radicals with each other, some oxygen is formed that reacts with C H 2C (C H 3)2OOH; methyl radicals from reac tion (21) are also present.
The branching ratios in the reductive cleavage o f t-BuO O H by solvated electrons and H atoms, monitored on the basis o f acetone form ation
Above, we have estimated the rate constants for the reactions of the water radicals with /-BuOOH (i.e. k 12 + k 13 for ea " , k 14 + k 15 (k16 and k 17 being comparatively small, see above) for H'; and k 18 + k,9 for OH). We may also look at the efficiency shown by these species with regard to f-BuO , i.e. acetone, formation. These efficiencies are related to the branching ratios, k l2/k 13, k 14/k 15, and k 18/k 19, respectively. From the results of experiments car ried out under three different sets of conditions (Table II) , i) argon-saturated, neutral, OH scav enged by /-butanol: emphasis of eaq contribution; ii) N 20-saturated to convert eaq into OH, neutral: emphasis of OH contribution; iii) argon-saturated, pH 1 to convert eaq into H : emphasis o f H con tribution, a system of three equations (of the type x G (e "q) + j G ( H ) + rG ('O H ) = G (acetone)) may be set up; the unknowns are the three efficiencies x, y, and z. In the presence of /-butanol, there is a correction term to G (acetone) of 0.3 * 10"7 mol J ] [25] ,
The efficiencies so estimated are 78%, 42% and 12%, respectively, where it is assumed that the OH-induced chain (see above) is not modified by the reactions that occur in consequence o f the re ductive cleavage. These values correspond to branching ratios k 12/k 13, k ]4/k 15, and k 18/k 19 o f ca. 1/4, ca. 1, and ca. 0.1, respectively. As regards the predominance of reaction (13) over reaction (12) , this may be linked to the higher solvation energy of the hydroxide ion com pared with that of the /-butoxide ion. In addition, the OH group is more electrophilic than an OR group.
Regarding the efficiency of 12% for the form a tion of acetone by the OH radical, it does not fol low that only 12% of the OH radicals undergo H-abstraction from the hydroperoxyl group. O f the three possible bimolecular reactions undergone by the f-B uO O H (-H ) radicals, only the reaction of two /-butylperoxyl radicals with each other leads to r-butoxyl, and hence to acetone form ation (reactions (20) and (21)). One expects some loss of the /-butylperoxyl radical through cross-term ina tion reaction (reaction (32) ) between (C H 3)3COO Table II and C H 2C (C H 2)2OOH which will not lead to ace tone formation.
C H 2C (C H 3)OOH + (C H 3)3COO' -> products (32)
2 C H 2C (C H 3)2OOH -> dimer (33) Thus the 12% value is a lower limit for reac tion (18) . Nevertheless, a similar value of 0.1 has been obtained above from the 2-methyl-1,2-epoxypropane vs. dose rate data.
The reaction o f 0 2~ with t-B uO O H
The reactivity o f 0 2 ~ with /-BuOOH is too small for the reaction to be followed by pulse radi olysis. Instead, we again base ourselves on the re sults o f the acetone analysis: this product will serve us as an indicator for the reductive cleavage by 0 2'~ as well. Since the reaction o f 0 2'-with /-BuOOH is relatively slow, the concentrations of this substrate must be rather high. F or this reason, a correction for a contribution o f reaction (13) to the acetone yield is necessary. As calculated from the reported rate constants and the concentra tions, G (acetone) must be corrected by subtract ing 0. Table III together with the G values for the form ation o f formaldehyde which is one of the products derived from the methyl radical in oxygen-containing aqueous solution [34] , It can be seen that G (acetone) increases with de creasing dose rate and that for a given dose rate G (acetone) is always higher for the higher /-BuOOH concentration. This is expected since with decreasing dose rate the lifetime o f the 0 2'~ radicals is increased (with respect to their bimolecular decay) and hence it stands a better chance to react with /-BuOOH. This situation can be com puter-modeled [32] on the basis of reactions dis cussed above. For the bimolecular decay of the 0 2" radicals at pH 7, a value of 6x 105 dm 3 m ol"1 s"1 was taken [6] , It was assumed that the 0 2 " rad icals display the same branching ratio in cleaving /-BuOOH as do the solvated electrons. A fair fit considering all the data (see Table III ) was ob tained, taking k9 at 4 dm 3 m ol-1 s-1, i.e. an overall reaction rate constant for the reaction of 0 2'~ with /-BuOOH of about 5 dm 3 m ol"1 s ' 1.
Conclusion
From these data it emerges that the reaction of the 0 2~ radical with /-BuOOH is indeed very slow, though apparently a bit faster than the reaction of 0 2 ~ with H 20 2 (see above). Thus, it is unlikely that this reaction plays a role in living systems where 0 2 " is considered to be very deleterious [14, 18] , for the reason that it may be converted into the reactive OH radical, e.g. by the Haber-W eiss-Fenton cycle (reactions (5)- (7)) but probably not, as we have seen, by reactions such as (9) and (10), even in situations when the 0 2'~ concentration reaches unusually high levels (e.g. under oxygen stress [35, 36] ). Nevertheless, just as /-BuOOH is rather unreactive toward Allen's reagent (iodide ion) [37] where other organic hydroperoxides react more rapidly, so too it cannot be ruled out that the 0 2 _ radical in its reaction with other organic hydroperoxides may display a somewhat higher rate constant than with /-BuOOH. 
